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ABSTRACT 
The electronic properties of bulk fcc americium and the (111) surface have been 
investigated with the full-potential linearized augmented plane wave (FP-LAPW) method as 
implemented in the WIEN2K suite of programs. The study is carried out for the anti-
ferromagnetic ground state of Am at different levels of theory: (1) scalar-relativity vs. full-
relativity; (2) local-density approximation (LDA) vs. generalized-gradient approximation (GGA). 
Our results indicate that spin orbit coupling plays an important role in determining the electronic 
properties of both bulk fcc americium and the (111) surface. In general, LDA is found to give a 
higher total energy compared to GGA results. The spin orbit coupling shows a similar effect on 
the surface calculations regardless of the model, GGA versus LDA. The 5f localized-delocalized 
transition of americium is employed to explain our results. In addition, the quantum size effects 
in the surface energies and the work functions of fcc (111) americium ultra thin films (UTF) are 
also examined.  
INTRODUCTION 
Americium, like its nearest neighbor plutonium, occupies a pivotal position in the actinide 
series with regard to the behavior of 5f electrons [1]. While the atomic volume of the actinides 
before Pu continuously decreases as a function of the increasing atomic number from Ac until 
Np, a sharp atomic volume increase from Pu to Am has been experimentally observed [2]. Such 
behavior has been explained by the localized 5f electrons in Am [3]. On the other hand, the 
experimentally observed 5f electron delocalization from Am II to Am III [4] has not been 
observed in a recent density-functional electronic calculation [5] with respect to the high-
pressure behavior of americium. Such controversies clearly indicate that further experimental 
and theoretical studies are necessary to improve our understanding of americium. Recently, 
Griveau et al. [6] have studied superconductivity in Am as a function of pressure and the role of 
a Mott-type transition.  
One effective way to probe the americium 5f electron properties and their roles in the 
chemical bonding is to study their surface properties. The unusual aspects of the bonding in bulk 
Am are apt to be enhanced at a surface or in a thin layer of Am adsorbed on a substrate, as a 
result of the reduced atomic coordination of a surface atom and the narrow bandwidth of surface 
states. Thus, Am surfaces and thin films may also provide valuable information about the 
bonding in Am. However, to the best of our knowledge, no Am surface study exists in the 
literature. 
Motivated by the above facts and our continuing interests in actinide surface chemistry and 
physics [7], this study has thus focused on the (111) surface of Am II with a fcc crystal structure, 
and a comparison of the properties of the 5f electrons properties between the fcc Am (111) 
surface and the fcc Am bulk in order to obtain more insight in the Am 5f electron behaviors. In 
addition, the quantum size effects in the surface energies and the work functions of the fcc Am 
(111) surface have been examined in detail. This paves the way for future chemisorption studies 
on the fcc Am (111) surface.  
 COMPUTATIONAL METHOD 
 The computational formalism used in this study is an all-electron full-potential method 
with a mixed basis set of linearized-augmented-plane-wave (LAPW) and augmented-plane-wave 
plus local orbitals (APW+lo), with and without spin-orbit coupling (SO) [8]. In the WIEN2k 
code, the alternative basis set APW+lo is used inside the atomic spheres for the chemically 
important orbitals that are difficult to converge, whereas LAPW is used for others. Both the 
generalized-gradient-approximation (GGA) to density functional theory (DFT) with a gradient 
corrected Perdew–Berke–Ernzerhof (PBE) functional and the local density approximation (LDA) 
to density functional theory are used to compare the effects of GGA vs. LDA in the descriptions 
of the electronic structure properties of fcc Am [9]. For relativistic effects, core states are treated 
fully relativistically and for valence states, two levels of treatments are implemented: (1) a scalar 
relativistic scheme including the mass-velocity correction and the Darwin s-shift and (2) a fully 
relativistic scheme with spin-orbit coupling included in a second-variational treatment using the 
scalar-relativistic eigen-functions as basis. Due to severe demands on computational resources, 
the lattice constant was not optimized and all computations have been carried out at the 
experimental lattice constant 9.26 a.u. of fcc Am. A constant muffin-tin radius (Rmt) of 2.60 a.u 
and large plane-wave cut-off Kmax determined by RmtKmax=9.0 are used for all calculations. The 
Brillouin zone is sampled on a uniform mesh with 104 irreducible K-points for fcc bulk 
americium. The (111) surface of fcc americium is modeled by periodically repeated slabs of N 
Am layers (with one atom per layer and N=1-5) separated by a vacuum gap of 80 a.u. Twenty-
one irreducible K-points have been used for reciprocal-space integrations in the surface 
calculations. For both bulk and surface calculations, the energy convergence criterion is set at 
0.01 mRy. All computations have been carried out at the theoretical ground anti-ferromagnetic 
state [5, 10, 11], though the ground state of Am is experimentally believed to be nonmagnetic 
[12].  
RESULTS AND DISCUSSIONS 
 As shown in Fig. 1, the total energies have been calculated for both bulk fcc Am and the  
(111) ultra thin films up to five layers at four theoretical levels, namely, LDA-AFM-NSO, LDA-
AFM-SO, GGA-AFM-NSO, and GGA-AFM-SO. The GGA is found to give a much lower total 
energy, about 30 Ry/atom lower, compared to the LDA calculations in both scalar relativistic 
(without spin-orbit coupling) and fully relativistic (with spin-orbit coupling) levels of theory. As  
expected, spin orbit coupling is found to lower the total energies of all films and the bulk in both  
LDA and GGA results. Spin orbit coupling energies have been calculated according to 
),()( SOENSOEE tottotso −=                                                                                                           (1) 
and are listed in Table I. It is also observed that the total energy of films decreases with the 
increase in the number of layers.  
 The dependence of the work function and surface energy on the film thickness has also 
been investigated and plotted in Fig. 2 and Fig. 3. The work function W is calculated from 
FEVW −= 0 ,                                                                                                                                  (2) 
where 0V  is the Coulomb potential energy at the half height of the slab including the vacuum 
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Fig.1. Total energies of Am (111) films for different layers (N=1-5). The corresponding total 
energies of Am bulk are also plotted at the farthest right of the figure. 
 
layer and FE  is the Fermi energy. The surface energy for a N-layer film has been estimated from  
],)()[2/1( Btots NENEE −=                                                                                                            (3) 
where )(NEtot  is the total energy of a N-layer slab and BE  is the energy of the infinite crystal. If 
N is sufficiently large and )(NEtot  and BE  are known to infinite precision, Eq. (3) is exact.  
TABLE I. Calculated work function W, surface energy sE , spin magnetic moments MM, spin obit 
coupling energy soE , cohesive energy cohE  and incremental energy incE of fcc Am (111) films. 
    
N Theory W (eV) 
sE  
(J/m2) 
MM 
( Bµ /atom) so
E  
(eV/atom) 
cohE  
(eV/atom) 
incE  
(eV) 
LDA-AFM-NSO 3.16 1.05 7.56    
LDA-AFM-SO 3.25 1.15 7.30 7.78    
GGA-AFM-NSO 2.94 0.75 7.69    1 
GGA-AFM-SO 3.00 0.84 7.44 7.64   
LDA-AFM-NSO 3.23 0.99 0.00  0.73 1.45 
LDA-AFM-SO 3.34 1.09 0.00 7.84 0.79 1.58 
GGA-AFM-NSO 2.99 0.68 0.00  0.53 1.07 2 
GGA-AFM-SO 3.12 0.78 0.00 7.70 0.59 1.18 
LDA-AFM-NSO 3.20 1.03 2.53  0.92 1.32 
LDA-AFM-SO 3.31 1.12 2.39 7.87  1.01 1.45 
GGA-AFM-NSO 2.95 0.72 2.59   0.66 0.92 3 
GGA-AFM-SO 3.01 0.81 2.50 7.73  0.74 1.05 
LDA-AFM-NSO 3.21 1.02 0.00  1.04 1.38 
LDA-AFM-SO 3.36 1.11 0.00 7.88  1.14 1.51 
GGA-AFM-NSO 2.93 0.71 0.00      0.74 0.99 4 
GGA-AFM-SO 3.04 0.80 0.00 7.73  0.84 1.11 
LDA-AFM-NSO 3.19 1.03 1.50     1.10 1.36 
LDA-AFM-SO 3.29 1.12 1.45 7.88  1.21 1.49 
GGA-AFM-NSO 2.95 0.72 1.54      0.79 0.96 5 
GGA-AFM-SO 3.04 0.81 1.49 7.74   0.88 1.08 
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Fig. 2.Work function (eV) vs. number of Am (111) layers. 
Stable and internally consistent estimates of sE and BE  can be extracted from a series of values 
of )(NEtot  via a linear least-squares fit to [13]
 
sBtot ENENE 2)( += ,                                                                                                                                         (4) 
To obtain an optimal result, the fit to Eq. (4) should only be applied to films which include, at 
least, one bulk-like layer, i.e., N > 2. While the work function exhibits a strong oscillation over 
the full range of thickness considered here, the 3 to 5-layer surface energies are relatively stable, 
indicating that a 3-layer film may be sufficient for future atomic and molecular adsorption 
studies on Am films.  
 The spin magnetic moments have also been calculated and the results are listed in Table I. 
In Fig. 4 we plotted these magnetic moments for Am (111) films as a function of the number of 
layers. The magnetic moments show a behavior of oscillation, which becomes smaller with the 
increase of the number of layers, and gradually the magnetic moments approach zero.  
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Fig.3. Surface energies for Am (111) films vs. the number of Am layers. 
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Fig. 4. Spin magnetic moments for Am (111) films as a function of the number of layers. 
 The cohesive energies for the Am (111) N-layer slabs with respect to N monolayers and 
the incremental energies of N layers with respect to (N-1) layers plus a single monolayer have 
been calculated at all four theoretical levels and shown in Table I as well. 
 In Fig. 5, we plot partial density of states of Am 5f electrons for bulk Am and (111) N-
layer slabs, where N=1, 5 at the ground state. The 5f electrons in bulk Am are more localized, as 
indicated by a wider peak below Fermi level, compared to Am (111) films. At the GGA-AFM-
SO level for the 5 layer, the first peak lies between 1 and 2eV, while the photoemission data of 
Naegele et al. [12] indicates that the 5f DOS should be centered over 2eV below the Fermi level. 
The less localized 5f electrons in the Am monolayer, compared to the bulk Am, indicate more 5f 
electrons participate in chemical bonding in Am (111) monolayer, and thus the relaxed lattice 
constants in Am (111) monolayer should be smaller than that in Am bulk. Our previous study of 
the Am and Pu monolayer properties [14] have shown a compression phenomena of the 
monolayers, which is in agreement with the present work. In addition, no apparent differences 
are observed between the DOS plots of LDA and GGA results.  
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Fig.5. Density of states of 5f electrons for Am bulk and (111) N-layer Slabs (N=1, 5) at both 
LDA-AFM-SO and GGA-AFM-SO theoretical levels as labeled in the figure. Fermi energy is set 
at zero. 
 CONCLUSIONS 
 The electronic properties of bulk fcc americium and the (111) surface have been studied 
with the full-potential linearized augmented plane wave (FP-LAPW) method at various levels of 
theory. The 5f electrons are found to favor delocalization in the fcc Am (111) thin films, 
especially in the monolayer, compared to the fcc Am bulk. The oscillatory behavior of the 
surface energy and work function with respect to the Am (111) film thickness suggests that a 3-
layer film may provide an adequate model for estimating chemisorption energies on the fcc Am 
(111) surface and a thicker film would be required to realistically estimate adsorbate-induced 
work function shifts on the fcc Am (111) surface. 
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